The membrane potential of green plants changes after sudden illumination or darkening. Depending on the species, both hyper-and depolarization have been measured after illumination (reviewed by Bentrup 1974) . Usually, these responses to light stimuli are transient and appear in close vicinity of the cells directly illuminated. The amplitude of these potential changes rarely exceeds 20 mV. If the light stimulus is strong enough an action potential (AP) can be triggered. The APs spread from the site where they originate throughout the whole plant or the plant organ. In the vicinity of the illuminated spot the spike of the AP is preceded by a generator (receptor) potential (GP), usually in form of a slow depolarization transient whose amplitude Abbreviations: AP, action potential; DC, direct current; GP, generator potential. and rate of increment depend on light intensity and wavelength (Trebacz and Zawadzki 1985, Trebacz et al. 1989) . In contrast, the amplitude of the AP spike (usually approx. 100 mV) does not depend on the stimulus strength (here light intensity) which is in accordance with the all-or-none law. So far, only a few plant species are known to produce APs in response to light stimuli (for review see Trebacz 1989) . These are: the alga Acetabularia mediterranea (Gradmann 1976) , the liverwort Conocephalum conicum (Trebacz and Zawadzki 1985) , the moss Bryum pseudotriquetrum (Sinyukhin 1973) , the fern Asplenium trichomanes (Sinyukhin 1973 ) and the higher plant Mimosa pudica (Roblin 1982) . We re-examined the report-by Sinyukhin (1973) in the case of Asplenium. We never recorded APs in spite of applying a wide range of light stimuli (Trebacz and Szarek 1996) .
Dionaea muscipula Ellis is a well known carnivorous plant. Its leaf-traps close within approx. 0.5 s after two successive bendings of any of the six trigger hairs protruding from the upper epidermis. The lag time between these two events must not exceed 20 s (Sibaoka 1966) ; otherwise more than two stimuli are required for the trap closure (Brown 1916) . Each bending of the trigger hair evokes a receptor potential in the cells located in the podium of the hair, which in turn releases an AP spreading over the trap (Jacobson 1965 , Benolken and Jacobson 1970 , Hodick and Sievers 1988 . The APs are necessary for the trap closure (Hodick and Sievers 1989) . The APs in Dionaea can be triggered not only by mechanical stimulation of a trigger hair but also by electrical stimulation of any place within the trap (Sibaoka 1966 .
In this study we demonstrate that APs in Dionaea can also be evoked by light stimuli. This is, to our knowledge, the first report about light-triggered all-or-none APs measured intracellularly in vascular plants. Moreover, we present here data showing, for the first time in the plant kingdom, that a single light stimulus, when strong enough, can even evoke two APs.
Materials and Methods
Plant preparation and electrophysiological set-up were basically the same as described previously ). Here we give only an outline. Sectors of Dionaea trap-lobe (3 mm wide) cut parallel to the midrib were immobilized with strips of Parafilm between two Plexiglas plates with holes and mounted in an experimental chamber with the abaxial epidermis uppermost. The sectors were immersed in the standard solution containing 0.1 raM KC1, 1 mM CaCl 2 , 20 mM sorbitol, 5 mM MES adjusted with Tris to pH 6.0 which flowed through the chamber at approx. 50 ml h" 1 . Standard microelectrode technique was applied to measure the transmembrane potential difference. Microelectrodes filled with 3 M KC1 with Ag/AgCl wires were inserted through a hole in a Plexiglas plate into one cell in the abaxial epidermis or in the first layer of mesophyll cells using a hydraulic micromanipulator (HMD-2M, Clark Electromedical Instruments, Pangbourne, England). The electric potential difference between the microelectrode and earthed reference electrode were measured with an amplifier (Ri,,S;10 l4 fl, Elektronische Werkstatt, Botanisches Institut, Universitat Bonn) and recorded with a high speed electronic chart recorder (Kontron 520, Basel, Switzerland). For electrical stimulation two sharpened silver wires 0.1 mm in diameter connected to a regulated DC source were inserted into the tissue, so that the cathode was placed 7-10 mm from the site of microelectrode penetration. Light stimulation was provided by a cold light lamp (15V, 150 W, KL 1500, Schott, Mainz, Germany). Light intensity was measured at the level of a trap sector with a quantum meter (Li-189; LI-COR, Lincoln, Neb., U.S.A.). Temperature was measured with a thermocouple (MP 1300 Tastotherm; Impac Electronic, Frankfurt, Germany) located on the trap surface in a hole adjacent to that one through which the microelectrode was inserted. The experiments were started after 1 h of preconditioning the trap sector in a standard medium at continuos illumination (45 //mol m~2 s~'). Ethanol in a final concentration of 0.2% was used to dissolve DCMU (Sigma, Deisenhofen, Germany). Fig. 1 shows the response sequence of Dionaea mesophyll cells to white light stimuli of gradually increasing intensity. At low light intensities (upper traces) illumination evoked a transient depolarization (GP), whereas darkening lead to a transient hyperpolarization. The amplitudes of these responses, determined as the difference between the resting potential and the maximal deflection from the resting potential, depended on the light intensity. A similar dependence was observed when the rate of potential changes following illumination/darkening was taken into account. At high fluences, 50-80//molm~2s~', we observed that the GP was sufficient to exceed the excitability threshold and an AP was triggered (lower traces). The most striking feature of the Dionaea response to light stimuli was that further increase in light intensity (to more than 80 /imolm" 2 s~') lead to the generation of two APs in response to a single light stimulus (Fig. 1) . The time interval between the two APs was between 8 and 27 s in 12 recorded cases. Initially, this interval decreased with increasing stimulus strength and, after exceeding 300-400 //molni" 2 s~', it increased again, until finally only a single AP could be recorded. The initial decrease of the interval between two APs at increasing light intensities reflects the dependence between the stimulus strength and duration of the relative refractory period (Dziubinska et al. 1983) . Proportions between the numbers of GP only (no AP), single AP and double AP evoked by light stimuli in all experiments throughout the study depended on the light intensity and and 400 //mol m~2s~'; and 1 : 7 : 1 at intensities higher than 500//mol m~2s"', respectively. On the other hand, amplitudes of either the first or the second AP did not depend upon the light intensity which is in agreement with the all-or-none law. The second AP always had a lower amplitude than the first which is typical for APs evoked during the relative refractory period. On average, the amplitude of the second AP constitutes 80 ± 6 % of the first. The phenomenon of gradual decrease in the amplitude of repetitive APs in Dionaea was recently described . It was interpreted as an effect of a fast Ca 2+ influx during the initial phase of an AP and the inability of active Ca 2+ transport systems fully to restore the resting level of calcium within the short time between successive APs.
Results and Discussion
One can imagine that the second AP may be the response of cells having a higher threshold to the light stimulus than the investigated mesophyll cells, for instance cells adjacent to cut edges of the leaf. However this cannot be the case in Dionaea because of the following reasons: (i) the second AP was never registered after the time interval shorter than the absolute refractory period. The absolute refractory period determined in the same experimental conditions ranged between 3 and 5 s. This points out that it was the response of cells in which the microelectrode was in-serted but not an AP transmitted from other cells or registered by the microelectrode after an electrotonic volume conduction along electrolytes of symplasmically connected cells. Otherwise the second AP would reach the microelectrode after any time longer than 0.02 s. The limit results from the velocity of an AP transmission-approx. 10cms" 1 -and the distance-less than 2mm-between the microelectrode and the edge of the lobe; (ii) because of the reasons mentioned above, cells at the edge of the lobe would be excited within a fraction of a second by an AP transmitted from mesophyll cells and remain in a refractory period. Assuming that they had a higher threshold of excitation they would have also a longer refractory period than the other cells. Thus, such cells cannot be the source of either the first or the second AP; (iii) all tissues in the leaf-trap of Dionaea are equally excitable (Hodick and Sievers 1988) .
The last trace in Fig. 1 shows the shape of a light-triggered AP in an expanded time-scale. In the case presented the light stimulus was switched off at the beginning of a depolarization phase of the AP. This indicates that light causes the exceeding of the excitability threshold but is not necessary for further spontaneous development of the AP.
Illumination is always accompanied by heating. We measured the temperature in the vicinity of the trap surface to see whether the APs could be evoked simply by heat stimuli. A cold lamp equipped with a heat filter and flowing standard solution ensured that the temperature in the measuring chamber did not change by more than 1 °C even when very strong light stimuli were applied (Fig. 2) . Heating of the standard medium by 3°C did not evoke significant membrane potential changes (Fig. 2) . This indicates that light but not increase of temperature was the stimulus that triggered APs in Dionaea. In the liverwort Conocephalum conicum it is possible to demonstrate the summation of subthreshold light and electrical stimuli (Trebacz and Zawadzki 1985) . Applying electrical stimuli we evaluated the excitability threshold in Dionaea traps. In five plants tested the threshold was between 0.55 and 0.65 V. To see if the summation of subthreshold stimuli also occurred in Dionaea we applied electrical stimulation (0.5 V, 1 s) at the maximum of GPs evoked by subthreshold light stimuli (40/raiol m~2 s~'). In spite of illuminating the vicinity of the cathode (one of the stimulating electrodes at which APs usually originate) we could not evoke an AP (data not shown). This may indicate that after illumination, not only voltage-but also ligandgated ion channels had to be activated to exceed the threshold of excitation.
In most known cases light-induced membrane potential changes depend on photosynthesis (Bulychev and Vredenberg 1995 , Tazawa et al. 1986 , Vanselow and Hansen 1989 . In remaining cases phytochrome (Ermolayeva et al. 1996 (Ermolayeva et al. , 1997 or a blue light absorbing system (Nishizaki 1988, Spalding and Cosgrove 1992) play a role of main absorbing pigments.
We used DCMU, an inhibitor of the photosynthetic electron transport chain, to check if in Dionaea a dependence of membrane potential on photosynthesis occurs. We applied light stimuli of different intensities and registered membrane potential changes in sectors of traps pre-treated for 1 h in 50 ^M DCMU. Light-induced GPs and APs, typical of untreated plants were not observed. We registered only slight potential changes of reverse polarity (Fig. 3A) , i.e. illumination evoked hyperpolarization, whereas darkening caused depolarization. The potential changes in four plants tested were in the range of 1 to 3.5 mV and did not depend on light intensity between 115 and 700//molm~2 s"
1 . The effect of DCMU indicates that light-induced GPs in Dionaea depend on light absorption by photosynthetic pigments. The nature of the responses with reverse polarity is not yet known. Plants treated with DCMU were able to generate APs in response to electrical stimuli. However, in contrast to control plants, only a few APs could be evoked in DCMU treated traps. Those which appeared had reduced amplitudes and were characterized by a lack or strong reduction of the after-hyperpolarization phase (Fig. 3B) . It was previously demonstrated that during the AP in Dionaea approx. 30% of the total ATP pool is consumed (Jaffe 1973, Williams and Bennet 1982) . It is thus possible that in case of plants in which photosynthesis was blocked by DCMU, the level of ATP was exhausted after generation of several APs, and respiration alone could not quickly restore its pool. The low ATP pool may affect the refractory period and the shape of APs by prolonged, in comparison to the normal level, restoration of ion activities changed during each AP and/or by modification of the ATP-dependent ion channel conductance (Katsuhara et al. 1990, Elzenga and Vanvolkenburgh 1997) . Probably because of these reasons APs in starved Dionaea cells have a high excitability threshold, low amplitudes and strongly reduced after-hyperpolarization phases (K. Trebacz unpublished data).
The sequence of responses to light stimuli of growing intensity, like this presented in Fig. 1 , may be regarded as a "frequency coding" system-very simple in comparison with those in animal cells but one of the most sophisticated among plants. Dionaea is a unique excitable plant in which GPs last much longer than a refractory period. Thus, Dionaea cells would have been able to generate even more than two APs in response to single light stimuli unless deep and long-lasting after-hyperpolarization following APs which transiently counterbalances the depolarization evoked by illumination. It is tempting to conclude that sudden illumination may cause a closure of the Dionaea trap, especially at high light intensities when two APs are triggered. We carried out experiments also on trap lobes which were not immersed in a solution. In such cases only transient hyper-and depolarizations but not APs were registered after darkening and illumination, respectively. The cause of that discrepancy is not yet known and further experiments, especially on intact plants, should be performed.
